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Abstract 

Background: Tlie epitlielial barrier dysfunction plays a critical role in the pathogenesis of a broad array of immune 
diseases. Mix protein is involved in the endolysosome system. This study aims to elucidate the role of Mix in the 
maintenance of epithelial barrier function. 

Results: The results showed that Mix was detected in T84 cells at both mRNA and protein levels. Exposure to 
Staphylococcal enterotoxin B (SEB) markedly suppressed the expression of Mix in T84 cells, which could be blocked 
by knocking down the Toll like receptor 2. The exposure to SEB did not affect the TER, but markedly increased the 
permeability of T84 monolayers to OVA; the OVA passing through T84 monolayers still preserved the antigenicity 
manifesting inducing antigen specific T cells proliferation. 

Conclusions: Alix protein plays a critical role in the maintenance of the barrier function of T84 monolayers. 
Keywords: Alix, Epithelial cell. Barrier function, Staphylococcal enterotoxin B, Antigenicity 



Background 

The epithelial barrier indicates the epithelial cell layer on 
the surface of mucosa such as airway and intestine. The 
epithelial barrier dysfunction is recognized in a number of 
body disorders, such as intestinal allergy [1], inflammatory 
bowel diseases [2] and asthma [3]. The pathogenesis is un- 
clear. Our previous studies reveal that microbial products, 
such as Staphylococcal enterotoxin B (SEB), can facilitate 
the development of immune disorders in the intestine [4]. 
However, how the microbial products passing through the 
epithelial barrier to arrive the deep part of tissue is elusive. 

The dysfunction of epithelial barrier manifests increases 
in the permeability to macromolecular molecules, such as 
protein antigens. The macromolecular substances may 
pass through the paracellular spaces, or to be transported 
via the transcellular pathway, to arrive the subepithelial re- 
gion. Under healthy condition, epithelial cells endocytose 
some proteins of small molecular weight; those endocytic 
cargo can be wrapped by the plasma membranes to be 
formed as endosomes; the latter fuse with lysososmes 
where there are acidic enzymes to degrade the endocytic 



cargo. Recent reports indicate that there are a number of 
factors can affect the endolysosome systems to enhance 
the epithelial barrier permeability [5-7]; the causative fac- 
tors include microbial products, such as cholera toxin [5] 
and SEB [8]. The underlying mechanism remains to be 
further understood. 

Alix/Aipl (Alix, in short) is a protein that functions in 
endosomal protein sorting, enveloped virus budding, and 
many other cellular processes. Crystal structures show that 
the Alix protein is composed of an N-terminal Brol do- 
main and a central domain, the latter consists of two ex- 
tended three-helix bundles that form elongated arms that 
fold back into a "V" [9]. Alix binds to the endosomal sort- 
ing complex required for transport (ESCRT) to facilitate 
the membrane fusion events during the multivesicular en- 
dosome formation [10]. Based on the above information, 
we hypothesize that Alix is involved in the transcellular 
transport in epithelial cells. In this study, we observed that 
intestinal epithelial cell line, T84 cell, expresses Alix. Ex- 
posure to SEB suppressed the expression of Alix in T84 
cells, which resulted in enhancing the epithelial barrier 
permeability to macromolecular antigens. 
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Methods 

Reagents 

The antibodies of Mix (1A12), TLR2 (H-175), shRNA of 
TLR2 and shRNA of Alix were purchased from Santa 
Cruz Biotech (Shanghai, China). The reagents of qRT- 
PCR, Western blotting and gene cloning were purchased 
from Invitrogen (Shanghai, China). SEB was purchased 
from Sigma Aldrich (Shanghai, China). The immune cell 
isolation kits were purchased from Miltenyi Biotech 
(Shanghai, China). The OVA ELISA kit was purchased 
from Antibodies Online (Atlanta, GA). 

Mice 

The OVA-TCR transgenic DOll.lO mice (8-10 week old) 
were purchased from the Xian Experimental Animal Cen- 
ter (Xian, China). The mice were maintained in a patho- 
gen free environment. 

Cell culture 

T84 cells were purchased from ATCC (American Type 
Culture Collection). Passages 33-38 were used in the 
study. The cells were cultured in DMEM (Dulbeccos 
Modified Eagle Medium) supplemented with 10% fetal 
bovine serum, 2 mM L-glutamine, 100 U/ml penicillin 
and 0.1 mg/ml streptomycin. Cells were seeded onto the 
inserts of Transwells at 10^ cells/ml. The medium was 
changed daily. 

Recording transepithelial electric resistance (TER) 

The TER was measured with an Ohmmeter following 
our established procedures [11]. 

Assessment of T84 monolayer permeability 

After the confluence (TER > 1000 H. cm^) of the T84 
monolayers, the OVA was added to the Transwell ap- 
ical chambers at a concentration of 10 (ig/ml. Samples 
were collected from the basal chambers 48 h later. The 
contents of OVA in the samples were determined by 
ELISA (Enzyme-linked immunosorbent assay) with a 
commercial reagent kit following the manufacturers 
instructions. 



Quantitative real time RT-PCR 

Total RNA was extracted from T84 cells with the TRIzol 
reagents. The cDNA was synthesized with a reverse tran- 
scription kit. qPCR was performed in a real time PCR sys- 
tem (MiniOpticon, Bio-Rad, Shanghai, China) with the 
SYBR Green Super Mix. The results were calculated with 
the 2"^^^' method. The primers using in this study in- 
clude: Alix, forward, aaggaacgttggcaaaggac; reverse, gaagg 
gatggcagcattcag. p-actin, forward, cgcaaagacctgtatgccaa; 
reverse, cacacagagtacttgcgctc. 



Western blotting 

Total proteins were extracted from T84 cells, fractioned 
by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel 
electrophoresis) and transferred onto a nitrocellulose 
membrane. The membrane was blocked by 1% bovine 
serum albumin (BSA) and incubated with the primary 
antibodies (0.5-1 (ig/ml) for 1 h at room temperature, and 
followed by incubation with the secondary antibodies 
(conjugated with horseradish peroxidase) for 1 h. Washing 
with TBST (Tris -buffered saline-Tween 20) was performed 
after each incubation. The immune blots on the mem- 
brane were developed with ECL (enhanced chemilumines- 
cence). The results were recorded with x ray films. 

RNA interference (RNAi) 

T84 cells were treated with RNAi to knock down the genes 
of Alix or Toll like receptor 2 (TLR2) with commercial re- 
agent kits following the manufacturer s instructions. The ef- 
fect of gene knockdown was checked by Western blotting. 
The results of gene silence reached its peaked value on day 
4 after the transduction and lasted at least 4 weeks. The 
data are presented in Figures 1 and 2 respectively). 

Over expression of the Alix gene 

T84 cells were washed with phosphate buffered saline 
(PBS); the genomic DNA was extracted from T84 cells. 
The Alix gene was amplified by PCR. The products of 
PCR were sequenced first and confirmed, and cloned into 
the pTZ57R/T vector and transformed into E. coli. The 
vectors of Alix gene were subcloned into the pcDNA3 
plasmid, and transformed into competent E. coli by the 
heat shock method. The plasmid was then purified using a 
plasmid extraction kit according to the manufacturer s in- 
structions. The presence of the Alix gene was confirmed 
by sequencing. T84 cells were transfected with the con- 
structed plasmids using a transfection kit according to the 
manufacturers instructions. The over expression of Alix 
was assessed in Western blotting. 

Isolation of immune cells 

CD4^ CD25' effector T cells (Teff cell) and dendritic 
cells (DC) were isolated from DOll.lO mouse spleen 
with commercial reagent kits following the manufac- 
turers instructions. The purity of isolated Teff cells was 
98.8%, DC was 99.2% respectively as assessed by flow 
cytometry. 

Teff cell proliferation 

The isolated Teff cells were labeled with CFSE (carboxy- 
fluorescein diacetatesuccinimidyl ester), cultured with 
the supernatant collected from the Transwell basal 
chambers for 3 days in the presence of DC at a ratio of 
1:5 (DC:T cell). The cells were analyzed by flow cytome- 
try to determine the frequency of T cell proliferation. 
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Figure 1 Activation of TLR2 suppresses Alix in T84 cells. T84 cells were stimulated with SEB in the culture for 48 h. A, the bars indicate the 
mRNA levels of Alix. B, the immune blots show the results of Alix RNAi. C, the immune blots indicate the protein contents of Alix. D, the bars 
indicate the summarized density of the immune blots of panel C. a, TLR2-null T84 cells; b, T84 cells were treated with control shRNA. The data of 
bars are presented as mean ±SD. ^ p < 0.01, compared with dose "0" group. The data represent 3 separate experiments. 



Statistics 

The data are presented as mean ± SD. Differences be- 
tween groups were determined by ANOVA. P < 0.05 was 
set as a significant criterion. 

Ethical approval 

The animal experiments were approved by the Animal 
Ethic Committee at Shenzhen University. 



Results 

Exposure to SEB suppresses the expression of Alix in 
T84 monolayers 

In the first attempt, we assessed the expression of Alix in 
T84 cells. The results of qRT-PCR and Western blotting 
showed that Alix was detected in T84 cells. Next, we stim- 
ulated T84 cells with SEB in the culture for 48 h; the cells 
were then collected and processed to assess the expression 
of Alix. The results showed that the levels of Alix were 




plasmid plasmid TLR2 shRNA 

Figure 2 SEB increases transcellular permeability of T84 monolayers. T84 monolayers were stimulated with SEB (the doses were denoted on 
the X axis of A and B) in Transwells for 48 h. A, the bars indicate the TER of the T84 monolayers. B, the bars indicate the OVA levels in the 
Transwell basal chambers; the OVA was expressed as a percentage of the OVA amounts added to the Transwell apical chambers. C, the immune 
blots show the Alix over expression results. D, the immune blots indicate the Alix gene knockdown results. The data of bars are presented as 
mean ± SD. *, p < 0.01, compared with the SEB dose "0". The data represent 3 separate experiments. 

V J 
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suppressed in T84 cells in a SEB dose-dependent manner. 
To elucidate the role of TLR2 in the SEB-induced sup- 
pression of Alix in T84 cells, in separate experiments, the 
TLR2 gene was knocked down in T84 cells by RNAi; the 
TLR2-null cells were exposed to SEB in the culture for 
48 h. Indeed, the expression of Alix was not affected in 
T84 cells (Figure 1). The results indicate that T84 cells ex- 
press Alix that can be suppressed by SEB through the 
TLR2 activation. 

Suppression of Alix compromises T84 monolayer 
permeability 

Alix is associated with the endolysosome system in the 
cell. The endolysosome system is critical in the degrad- 
ation of the endocytic cargo, such as protein antigens. 
To elucidate if Alix suppression plays any roles in the in- 
testinal epithelial barrier permeability, we prepared T84 
monolayers; the monolayers were treated with SEB with 
similar procedures of Figure 1. The TER and permeabil- 
ity to OVA of T84 monolayers was assessed. The results 
showed that the exposure to SEB did not affect the TER, 
but significantly increased the permeability to OVA, 
which was abolished by Knockdown of TLR. To corrob- 
orate the results, we knocked down the Alix gene of T84 
cells. The Alix-null T84 cells still formed monolayers in 
Transwells with comparable TER with wild control T84 
cells. Then, we assessed the permeability of the Alix-null 
T84 monolayers. The results showed that the Alix-null 
T84 monolayers had markedly higher permeability to 
OVA as compared with wild T84 monolayers (Figure 2). 



The results indicate that SEB can increase the perme- 
ability to OVA via suppressing Alix. 

Antigens passing through SEB-treated T84 monolayers 
preserve antigenicity 

The data of Figure 2 implicate that the OVA collected 
from the Transwell basal chambers still has antigenicity. 
To test the hypothesis, we isolated OVA-specific CD4^ 
CD25' T effector (Teff) cells from DOll.lO mouse spleen, 
and cultured the cells with the supernatant collected from 
the Transwell basal chambers in which OVA might be 
transported from the apical cambers passing through the 
T84 monolayer. As shown by the data of flow cytometry, 
the proliferation frequency of the Teff cells was 6.86% in 
medium alone group, 34.1% in the SEB stimulated group 
and 6.27% in the group with Alix over expression and 
stimulated with SEB (Figure 3). The results indicate that 
the OVA passing through the T84 monolayers still pre- 
serves the antigenicity. 

Discussion 

Epithelial barrier dysfunction is one of the major causa- 
tive factors in the pathogenesis of a large number of im- 
mune diseases; the underlying mechanisms are not fully 
understood yet. The present study has revealed that in- 
testinal epithelial cell line, T84 cells, expresses Alix. Ex- 
posure to a microbial product, SEB, markedly suppresses 
the expression of Alix in the epithelial cells, which re- 
sults in the epithelial barrier dysfunction. 
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Figure 3 OVA from Transwell basal chambers preserves antigenicity. CD4^ CD25" T effector (Teff) cells (labeled with CFSE) and DCs were 
isolated from the DOl 1.10 mouse spleen. The Teff cells and DCs were cultured at a ratio of 5:1 (T cell:DC) in the supernatant collected from the 
Transwell basal chambers. Apart from adding OVA to the apical chambers, the additional treatment included supernatant alone (A), SEB (B), 
Alix-over expressing T84 monolayers treated with SEB (C). Three days later, the cells were analyzed by flow cytometry. A-C, the histograms 
indicate the Teff cell proliferation. D is a no staining control. E, the bars indicate the summarized data from the histograms, the labels of x axis are 
the same as those of histograms. The data of E are presented as mean ± SD. ^ p < 0.01, compared with group A. The data represent 3 
separate experiments. 
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Although the precise mechanism remains obscure, cu- 
mulative reports indicate that multiple factors are in- 
volved in the induction of epithelial barrier dysfunction. 
Our previous studies indicate that high levels of IL-4 
and atopic serum can significantly decrease T84 mono- 
layer resistance and increased transepithelial horseradish 
peroxidase (HRP) transport. HRP transport induced by 
IL-4 can be inhibited by cold (4°C) environment and the 
tyrosine kinase inhibitor genistein [11]. Epithelial cells 
express CD23 on the surface that facilitates the transcel- 
lular transport of specific antigens across the epithelial 
barrier [12,13]. Recent reports indicate that exposure to 
microbial products also affects the epithelial barrier 
functions [5,8]. The present study adds novel informa- 
tion to this area by showing that Alix is required in the 
maintenance of the epithelial barrier function. Exposure 
to microbial product, SEB, can inhibit the expression of 
Alix in epithelial cells which contribute to the hyperper- 
meability of the epithelial barrier. 

Alix can bind to ESCRT, plays a role in the endosome/ 
lysosome fusion. Sadoul proposed that the normal func- 
tion of Alix in the endolysosomal system may be devi- 
ated by ALG-2 (apoptosis-linked gene 2) towards a 
destructive role during active cell death. Our data have 
added a piece of novel information that Alix is required 
in the degradation of the endocytic proteins in epithelial 
cells. It is proposed that Alix acts as a putative effector 
involving in membrane invagination, vesicle formation 
and fusion of endosomes and lysosomes in the control- 
ling intracellular membrane traffic [14]. Our data pro- 
vide further supporting evidence that Alix is required in 
the degradation of the endocytic protein antigens in epi- 
thelial cells. The underlying mechanism needs to be fur- 
ther investigated. 

We also tested the antigenicity of the antigens to be 
transported across the T84 monolayers. The results 
showed strong antigenicity of the OVA in the super- 
natant collected from the Transwell basal chambers. 
Our previous studies indicate that upon the epithelial 
barrier dysfunction, a large quantity of macromolecular 
antigens can be transported into the deep region of the 
intestinal mucosa. Consequently, an intestinal allergy 
may be induced [15,16]. It is suggested by previous 
studies that multiple factors are involved in the regula- 
tion of the degradation of the endocytic proteins in epithe- 
lial cells; such as ubiquitin editing enzyme A20 is required 
in the endosome/lysosome fusion, which can be disturbed 
by inhibition of A20 resulting in incompletely degradation 
of the endocytic antigens [6,8]. Inhibition of myosin by 
tumor necrosis factor also induces intestinal epithelial bar- 
rier dysfunction [17]. Our data have added one more fac- 
tor to the knowledge pool of epithelial barrier studies by 
showing evidence that Alix is required in maintaining epi- 
thelial barrier function. 



It is noteworthy that exposure to SEB in the culture 
does not affect the TER as shown by the present data. The 
results implicate that the paracellular pathway is not influ- 
enced by SEB. The results are in line with previous studies. 
Lu et al indicate that SEB can activate monocytes to re- 
lease proinflammatory cytokines to increase epithelial bar- 
rier permeability, but exposure to SEB alone does not 
affect TER [18]; such an abnormality may be prevented by 
the addition of transforming growth factor- p2 [19]. Our 
data indicate that the over expression of Alix also has the 
inhibitory effect on SEB -induced epithelial barrier dys- 
function. Previous studies suggest that SEB facilitates the 
development of intestinal allergy via modulating dendritic 
cell properties or act as an adjuvant [4,20]. The present 
data provide novel information that SEB also compro- 
mises the transcellular antigen transport in the epithelial 
barrier. 

Conclusions 

The present data show that human intestinal epithelial 
cell line, T84 cells, expresses Alix, which can be inhib- 
ited by SEB to induce epithelial barrier dysfunction. 
Over expression of Alix has the potential to attenuate 
the abnormally high epithelial barrier permeability. 

Competing interest 

The authors declare that they have no competing interests. 
Authors' contribution 

HY, HY, LX, ZZ, WH, JC and SH performed the experiments, analyzed data 
and reviewed the manuscript. ZL and PCY designed the project, supervised 
the experiments and wrote the paper. All authors read and approved the 
final manuscript. 

Aclcnowledgement 

This study was supported by grants from the Natural Science Foundation of 
China (No. 30871752 and 31 101280), the Key Laboratory Project of Shenzhen 
(No. SW201 1 10010, NO.JC201005250073A). 

Author details 

^The first affiliated hospital of Liaoning Medical college, Jinzhou, China. 
^Shenzhen Key Laboratory of Allergy & Immunology, Shenzhen University 
School of Medicine, Shenzhen, China. ^Liaoning Entry-Exit Inspection and 
Quarantine Bureau, Dalian, China. 

Received: 28 October 2013 Accepted: 2 April 2014 
Published: 9 April 2014 

References 

1. Liu X, Yang G, Geng XR, Cao Y, Li N, Ma L, Chen S, Yang PC, Liu Z: Microbial 
Products Induce Claudin-2 to Compromise Gut Epithelial Barrier 
Function. PLoS ONE 2013, 8:e68547. 

2. McGuckin MA, Eri R, Simms LA, Florin TH, Radford-Smith G: Intestinal barrier dys- 
function in inflammatory bowel diseases. Inflamm Bowel Dis 2009, 15:100-13. 

3. Leino MS, Loxham M, Blume C, Swindle EJ, Jayasekera NP, Dennison PW, 
Shamji BWH, Edwards MJ, Holgate ST Howarth PH, Davies DE: Barrier 
Disrupting Effects of Alternaria AlternataExtract on Bronchial Epithelium 
from Asthmatic Donors. PLoS ONE 2013, 8:e71278. 

4. Yang PC, Xing Z, Berin CM, Soderholm JD, Feng BS, Wu L, Yeh C: JM-4 
Expressed by Mucosal Dendritic Cells Plays a Critical Role in Food 
Antigen-Specific Th2 Differentiation and Intestinal Allergy. 
Gastroenterology 2007, 1 33:1 522-1 533. 



Yan et a I. Journal of Biomedical Science 2014, 21:29 
http://www.jbionnedsci.conn/content/21 /I /29 



Page 6 of 6 



10. 



12. 



13. 



14. 



15. 



16. 



17. 



19. 



20. 



Li MY, Zhu M, Zhu B, Wang ZQ: Cholera Toxin Suppresses Expression of 
Ubiquitin Editing Enzyme A20 and Enhances Transcytosis. Cell Physiol 
Biochem 2013, 31:495-504. 

Li MY, Zhu M, Zhu B, Wang ZQ: Tryptase disturbs endocytic allergen 
degradation in intestinal epithelial cells. Anal Biochem 2013, 434:54-59. 
Vereecke L, Sze M, Guire CM, Rogiers B, Chu Y, Schmidt-Supprian M, 
Pasparal<is M, Beyaert R, van Loo G: Enterocyte-specific A20 deficiency 
sensitizes to tumor necrosis factor-induced toxicity and experimental 
colitis. J Exp Med 201 0, 207:1 51 3-1 523. 

Chen C, Yang G, Ceng XR, Wang X, Liu Z, Yang PC: TNFAIP3 Facilitates 
Degradation of Microbial Antigen SEB in Enterocytes. PLoS ONE 2012, 

7:e45941. 

Fisher RD, Chung HY, Zhai Q, Robinson H, Sundquist Wl, Hill CP: Structural 
and Biochemical Studies of ALIX/AIP1 and Its Role in Retrovirus Budding. 

Cell 2007, 128:841-852. 

Petiot A, Strappazzon F, Chatellard-Causse C, Blot BA, Torch S, Jean-Marc V, 

Sadoul RA: Alix differs from ESCRT proteins in the control of autophagy. 

Biochem Biophys Res Commun 2008, 375:63-68. 

Berin MC, Yang PC, Ciok L, Waserman S, Perdue MH: Role for IL-4 in 

macromolecular transport across human intestinal epithelium. 

Am J Physiol 1999, 276:C1046-C1052. 

Yu LC, Yang PC, Berin MC, Di Leo V, Conrad DH, McKay DM, Satoskar AR, 
Perdue MH: Enhanced transepithelial antigen transport in intestine of 
allergic mice is mediated by lgE/CD23 and regulated by interleukin-4. 

Gastroenterology 2001 ,121 :370-81 . 

Yang PC, Berin MC, Yu LCH, Conrad DH, Perdue MH: Enhanced intestinal 
transepithelial antigen transport in allergic rats is mediated by IgE and 
CD23 (FceRII). J Clin Invest 2000, 106:879-886. 

Falguiares T, Luyet PP, Gruenberg J: Molecular assemblies and membrane 
domains in multivesicular endosome dynamics. Exp Cell Res 2009, 

315:1567-1573. 

Yang PC, Berin MC, Yu L, Perdue MH: Mucosal Pathophysiology and 

Inflammatory Changes in the Late Phase of the Intestinal Allergic 

Reaction in the Rat. Am J Pathol 2001, 158:681-690. 

Liu T, Wang BQ, Wang CS, Yang PC: Concurrent exposure to thermal 

stress and oral Ag induces intestinal sensitization in the mouse by a 

mechanism of regulation of IL-12 expression. Immunol Cell Biol 2006, 

84:430-439. 

Kolodziej LE, Lodolce JP, Chang JE, Schneider JR, Grimm WA, Bartulis SJ, Zhu X, 
Messer JS, Murphy SF, Reddy N, Turner JR, Boone DL: TNFAIP3 Maintains 
Intestinal Barrier Function and Supports Epithelial Cell Tight Junctions. 

PLoS OA/f 2011,6:e26352. 

Lu J, Philpott DJ, Saunders PR, Perdue MH, Yang PC, McKay DM: Epithelial 
Ion Transport and Barrier Abnormalities Evoked by Superantigen- 
Activated Immune Cells Are Inhibited by lnterleukin-10 but Not 
Interleukin-4. J Pharmacol Exp Ther 1 998, 287:1 28-1 36. 
McKay DM, Singh PK: Superantigen activation of immune cells evokes 
epithelial (T84) transport and barrier abnormalities via IFN-gamma and 
TNF alpha: inhibition of increased permeability, but not diminished 
secretory responses by TGF-beta2. J Immunol 1 997, 1 59:2382-2390. 
Yang SB, Li TL, Chen X, An YF, Zhao CQ, Wen JB, Tian DF, Wen Z, Xie MQ, 
Yang PC: Staphylococcal enterotoxin B-derived haptens promote 
sensitization. Cell Mol Immunol 2013, 10:78-83. 



doi:1 0.1 186/1423-0127-21-29 

Cite this article as: Yan et al.: Staphylococcal enterotoxin B suppresses 
Alix and compromises intestinal epithelial barrier functions. Journal of 
Biomedical Science 2014 21:29. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



